Natural RNAs, especially tRNAs, are extensively modified to tailor structure and function diversities. Uracil is the most modified nucleobase among all natural nucleobases. Interestingly, >76% of uracil modifications are located on its 5-position. We have investigated the natural 5-methoxy (5-O-CH 3 ) modification of uracil in the context of A-form oligonucleotide duplex. Our X-ray crystal structure indicates first a H-bond formation between the uracil 5-O-CH 3 and its 5 0 -phosphate. This novel H-bond is not observed when the oxygen of 5-O-CH 3 is replaced with a larger atom (selenium or sulfur). The 5-O-CH 3 modification does not cause significant structure and stability alterations. Moreover, our computational study is consistent with the experimental observation. The investigation on the uracil 5-position demonstrates the importance of this RNA modification at the atomic level. Our finding suggests a general interaction between the nucleobase and backbone and reveals a plausible function of the tRNA 5-O-CH 3 modification, which might potentially rigidify the local conformation and facilitates translation.
INTRODUCTION
Natural RNAs are covalently modified by different functionalities in order to achieve structural and functional specificities as well as diversity (1) (2) (3) . Many modifications have been found on tRNAs, ribosome RNAs, mRNAs and other functional RNAs (1) (2) (3) (4) . So far, 109 nucleoside residues with different modifications have been found in natural RNAs (4) . However, it is not clear why >94% of the modifications contain nucleobase alterations. tRNA-interaction specificity is required in many biological reactions and processes, including tRNA charging with specific amino acids by aminoacyl tRNA synthetases, tRNA recognition of mRNA through anticodon triplets and selective engagement of amino acid-charged tRNAs with ribosome during protein synthesis. It's known that the tRNA is the most modified RNA and contains 92 different modifications, 87 of which locate on the nucleobases (4) . Interestingly, uracil is the most modified nucleobase in tRNA, and $40% of the tRNA nucleobase modifications are on uracil nucleobase of uridine (1, Figure 1 and Supplementary Table S1 ). The uracil modifications include pseudouracil, 2-thiouracil, 2-selenouracil, etc. Surprisingly, >76% of uracil derivatizations (34 modifications) are located in its 5-position (26 modifications), implying that this position is critical for tRNA functions.
Several natural modifications of uracil are presented in Figure 1 . The 5-modified uracil normally contains an exo-5-carbon (e.g. 5-methyluracil) or -oxygen atom (e.g. 5-oxyuridine, 2, Figure 1 ) to connect with other functionalities (5, 6) . 5-methoxyuridine (mo 5 U, 2b) was discovered in many bacterial tRNAs, such as Ala, Thr and Val tRNAs of gram-positive bacteria and Ser and Val tRNAs of Escherichia coli (7). The 5-methoxy (5-O-CH 3 ) modification locates in position 34, the first anticodon nucleotide of tRNA, which interacts with the third nucleotide (the wobble position) of the codon in mRNA. Though it is not very clear how this 5-O-CH 3 modification facilitates the interaction between these tRNA anticodons and the mRNA codons, it was hypothesized that the 5-O-CH 3 functionality might potentially tune the wobble nucleotide-reading ability of these tRNAs during protein synthesis (8, 9) . However, it remains elusive how the 5-O-CH 3 moiety works.
Though mo 5 U was studied (10) (11) (12) , 3D structure of the 5-oxyuracil-containing oligonucleotide has never been investigated. To better understand the role of the 5-O-CH 3 modification at the atomic level, we have decided to synthesize an RNA-like system by taking advantage of A-form DNA, which has the same sugar pucker and overall A-form duplex structure as RNA (13, 14) . To investigate the importance of oxygen, we have also decided to replace the 5-oxygen atom with selenium and sulfur from the same elemental family. Furthermore, we have performed X-ray crystal structure study of the oligonucleotides containing these three modifications. We have discovered for the first time that 5-O-CH 3 of the oligonucleotide (3a, Figure 1 ) forms a unique H-bond with the adjacent 5 0 -phosphate group. This H-bond was not observed in the corresponding S-and Se-modified oligonucleotides (3b and 3c, Figure 1 ). Moreover, the computational simulations of these three modified nucleobases have been carried out. Our research results suggest that the electronic effect of oxygen plays unique roles in the function of the 5-O-CH 3 modification, particularly in an A-form duplex environment. The H-bond between the nucleobase and phosphate backbone rigidifies the local structure and conformation, which may facilitate the tRNA-mRNA base-pair recognition in protein synthesis.
MATERIALS AND METHODS

Synthesis of the 5-SeMe, -SMe and -OMe functionalized DNAs
All the DNA oligonucleotides were chemically synthesized in a 1.0 mmol scale using an ABI392 or ABI3400 DNA/ RNA Synthesizer. The normal nucleoside phosphoramidite reagents were used in this work (Glen Research). The concentrations of the 5-modified uridine phosphoramidite were identical to those of the conventional ones (0.1 M in acetonitrile). Coupling was carried out using a 5-(benzylmercapto)-1H-tetrazole (5-BMT) solution (0.25 M) in acetonitrile. The coupling time was 25 s for both native and modified samples. 3% trichloroacetic acid in methylene chloride was used for the 5 0 -detritylation. Synthesis were performed on control pore glass (CPG-500) immobilized with the appropriate nucleoside through a succinate linker. All oligonucleotides were prepared with 4,4 0 -dimethoxytrityl group (DMTr)-on form. After synthesis, the DNA oligonucleotides were cleaved from the solid support and fully deprotected by the treatment of concentrated ammonium hydroxide overnight at 55 C. The 5 0 -DMTr deprotection was performed in a 3% trichloroacetic acid solution for 2 min, followed by neutralization to pH 7.0 with a freshly made aqueous solution of triethylamine (1.1 M) and extraction with petroleum ether to remove DMTr-OH.
High performance liquid chromatography analysis and purification
The modified DNA oligonucleotides were analyzed and purified by reverse-phase high performance liquid chromatography in both DMTr-on and DMTr-off forms. Purification was carried out using a 21.2 Â 250 mm Zorbax, RX-C8 column at a flow rate of 6 ml/min. Buffer A consisted of 10 mM triethylammonium acetate (TEAAc, pH 7.1), and buffer B contained 50% aqueous acetonitrile and 10 mM TEAAc, pH 7.1. Similarly, analysis was performed on a Zorbax SB-C18 column (4.6 Â 250 mm) at a flow rate of 1.0 ml/min using the same buffer system. The DMTr-on oligonucleotides were eluded with up to 100% buffer B in 20 min in a linear gradient, whereas the DMTr-off oligonucleotides were eluted with up to 70% of buffer B in 20 min in a linear gradient. The collected fractions were lyophilized, the purified compounds were re-dissolved in water, and the pH was adjusted to 7.0 after the final purification.
Crystallization
The purified oligonucleotides (1 mM each) were heated to 70 C for 2 min, and then cooled slowly to room temperature before crystallization. The 2 0 -SeMe-dU ( Se dU) was incorporated into the modified DNA for the crystallization facilitation. The Nucleic Acid Mini-Kit (Hampton Research) was applied to screen the crystallization conditions at different temperatures using the hanging-drop method by vapor diffusion.
Data collection
30% glycerol, neat PEG 400 and perfluoropolyether were used as cryoprotectants for the crystal mounting. Data collection was taken under the liquid nitrogen stream at À174
C. All DNA crystal data were collected at beam line X12C in NSLS of Brookhaven National Laboratory. A number of crystals were scanned to find the one with strong anomalous scattering at the K-edge absorption of selenium. The distance of the detector to the crystals was set to 150 mm. The wavelength of 0.9795 Å was chosen for data collection. The crystals were exposed for 10 s/image with 1 oscillation, and 180 images were taken for each data set. All data were processed using HKL2000 and DENZO/SCALEPACK (15) . 
Structure determination and refinement
The crystal structures of the modified DNAs were solved by molecular replacement with Phaser (16), followed by the refinement of selenium and sulfur atom positions in Refmac 5.0 (17) . The refinement protocol includes the simulated annealing, positional refinement, restrained B-factor refinement and bulk solvent correction. The stereo-chemical topology and geometrical restrain parameters of DNA/RNA (18) have been applied. The topologies and parameters for the modified dUs with 2 0 -SeMe (UMS), 5 0 -SeMe (USE), 5 0 -SMe (USM) and 5 0 -OMe (T5O) were constructed and applied. After several cycles of refinement, a number of highly ordered waters were added. Finally, the occupancies of selenium and sulfur were adjusted. Cross-validation (19) with a 5-10% test set was monitored during the refinement. The sA-weighted maps (20) of the (2 m jF o j -DjF c j) and the difference (mjF o j -DjF c j) density maps were computed and used throughout the model building.
Molecular modeling calculation
In this work, the density functional theory calculations were performed on the molecules with the GAUSSI-AN03W program using the Becke three-parameter and Lee-Yang-Parr hybrid (B3LYP) functions (21, 22) . The basis set used is 6-31+G(d,p). The energy-minimized structures of given molecules have been determined at the level of B3LYP/6-31+G(d,p). Vibrational spectra were then computed for the structure and obtained within the harmonic approximation. Final geometries of the molecules are confirmed to be stationary points as indicated by the absence of imaginary wavenumbers.
RESULTS AND DISCUSSION
DNA oligonucleotide synthesis, crystallization and data collection
The RNA sequences were examined initially, and unfortunately, satisfactory crystals and diffraction were not obtained. The Se dU (4 and Figure 1 ) has been used to facilitate the crystal growth and maintain the RNAlike conformation, since the 2 0 -SeMe functionality (2 0 -Se-facilitator) does not cause structure perturbation. (13, 14, (23) (24) (25) (26) (27) : measured 2568.6 (calculated 2569.0)}. The 5-OMe-, 5-SMe-and 5-SeMe-dU functionalities were introduced into the oligonucleotides by using the corresponding phosphoramidites synthesized from the modified nucleosides (28) (29) (30) . In addition to its facilitation of crystal growth, the 2 0 -SeMe functionality can drive the DNA sequences into A-form conformation and structure. Therefore, this RNA-mimic system can serve as a useful model for the structure studies of RNA/RNA interactions and duplexes, which are usually difficult to crystallize and offer high-resolution structures. As expected, these three modified oligonucleotides were crystallized in 3-4 days and with high-diffraction quality, when screening with the Nucleic Acid Mini-kit (Hampton Research). Since the crystallization buffer conditions may affect the crystal packing and molecular interaction, the same buffer for 3a, 3b and 3c was selected for the crystallization. Furthermore, by the diffraction screening, buffer no. 7 of the kit (10% v/v 2-Methyl-2, 4-pentanediol (MPD), 40 mM sodium cacodylate, pH 6.0, 12 mM spermine tetra-HCl, 80 mM potassium chloride and 20 mM magnesium chloride) was identified to give the highest resolutions for these three DNA structures. Several large crystals (up to 0.2 Â 0.2 Â 0.3 mm in size, Figure 2A ) from the same buffer were found and mounted for diffraction data collection on X-ray beamline. These DNA molecules crystallized in the same space group (P4 3 2 1 2) as the native. The detailed data collection and refinement statistics information for each sequence are presented in Tables 1 and 2 .
Structure comparison of 5-OMe, 5-SMe and 5-SeMe oligonucleotides
As showed in the duplex structures (Figures 2 and 3) , the structures of the native and the 5-MeO-modified DNA (3a) are very similar. We have also observed previously that the 2 0 -Se-facilitator does not cause significant local and global structure perturbation (13, 14, 26, 31) . The 5-MeO locates in the major groove of the A-form helix ( Figure 2B ). Its methyl group points to the phosphate oxygen (O-Rp), instead of turning around and pointing to a larger space available in the major groove. Moreover, the electron density map of mo 5 dU/dA pair ( Figure 2C ) clearly shows that the distance between the methyl carbon and phosphate Rp-oxygen is 2.98 Å . Both the distance and geometry indicate H-bond formation between the 5-CH 3 -O and 5 0 -PO 4 À groups. The H-bond interactions between relatively acidic C-H protons and nearby oxygen or nitrogen atoms have been widely investigated in biological macromolecule systems (32, 33) . Moreover, the B-factor of the 5 0 -phosphate of the 5-OMe-dU structure is indeed smaller than that of the 5-Me-dU (i.e. T) structure (PDB ID: 1Z7I). Thus, this unique nucleobase/backbone interaction can reduce the backbone dynamics, significantly rigidifying the local conformation. The 5-OMe modification does not drastically add rigidity to the entire RNA, which is probably expected for this site-specific small modification.
To further study the modification, we hypothesized initially that the distance between the methyl C and O-Rp may play a critical role. A larger atom from the same elemental family [such as selenium and sulfur (atomic radii: 1.16 Å and 1.04 Å , respectively) versus oxygen (atomic radius: 0.73 Å )] might present the methyl group closer to the 5 0 -phosphate and enhance the H-bond. Thus, we replaced the oxygen atom of the 5-O-Me group with a larger selenium or sulfur atom. However, we found that the single Se or S atom replacement disrupts the H-bond and causes local alterations, though the native and modified duplexes have very similar overall structures, which is consistent with the UV-melting study (Supplementary Table S2 ). In the 5-SeMe or 5-SMe structure (circle 1 in Figure 3B ), the methyl group points to the major groove, instead of the 5 0 -phosphate backbone ( Figure 3B and C) . Furthermore, the dihedral angle between the 5-CH 3 -Se-C (or 5-CH 3 -S-C) and uracil planes is $95
, whereas the same dihedral angle in the 5-O-Me modification is approximately zero (0.3 ). These observations indicate that the atomic size of the bridging atom is not the key factor for generating the H-bond, instead the electronic effects of 5-oxygen (such as electronegativity and conjugation with uracil) may play critical roles in the H-bond formation. We also attempt to directly compare the differences in rigidity between the OMe, SMe and SeMe RNAs. It is difficult because of the impacts of two factors: one is the H-bond formation in the case of OMe, and the other one is the atomic weights of sulfur and selenium atoms. The H-bond reduces the dynamics (i.e. increasing rigidity) and the higher atomic mass can also reduce the local dynamics. These two competing factors cause the difficulty to evaluate the rigidity order among these modified RNAs, even though we can directly compare the structures of the OMe, SMe, and SeMe RNAs.
Moreover, after the 5-selenium or -sulfur replacement, the 5 0 -phosphate group of the neighboring 5 0 -nucleotide (dG3, circle 2 in Figure 3B) Furthermore, we performed the computation study of the uracils derivatized with the 5-OMe, 5-SMe and 5-SeMe modifications in order to understand the orientation of these 5-functionalities. The computation study indicates that the 5-O-Me, 5-S-Me, and 5-Se-Me moieties form the dihedral angles of 60.2 , 62.7 and 68. 7 with the uracil ring, respectively ( Figure 6 ). The theoretical calculation suggests that the out-of-plane conformation is intrinsically favorable to minimize the energy levels of the modified uracils. In the determined crystal structures, the 5-Se-Me and 5-S-Me moieties still prefer the out-of-plane conformation with increased dihedral angles (95 ). However, the 5-O-Me moiety forms a small dihedral angle (0. 3 ) and prefers the in-the-plane conformation. The H-bond formation alters the intrinsic orientation of the 5-OMe, whereas this H-bond is not observed in the 5-SeMe or 5-SMe modification. It is clear that the 5-O makes the methyl hydrogen more acidic than 5-S and 5-Se, and facilitates the H-bond formation in the A-form duplex. Moreover, our highresolution structure indicates that the coplanar conformation of the 5-OMe with the uracil base enhances the base stacking interaction with the 5 0 -nucleobase adjacent to the mo 5 dU. The stabilization gained from the better stacking and H-bonding interactions compensates the destabilization from maintaining the unfavorable coplanar conformation of the 5-OMe, which is consistent with the computation study.
Since the 5-O can make the methyl hydrogen more acidic than 5-S and 5-Se, it is consistent with the H-bond formation observed in the crystal structure containing the 5-OMe modification. Moreover, our highresolution structure indeed indicates that the coplanar conformation of the 5-OMe with the uracil base enhances the base stacking interaction with the nucleobases adjacent to the mo 5 dU. The stabilization gained from the better stacking and H-onding interactions is used to compensate the energy required for the unfavorable coplanar conformation, which is indicated by the computation study. According to the theoretical research, the out-of-plane conformation is more stable, thus the 5-SMe and 5-SeMe maintain the out-of-plane conformation, since they cannot form the H-bonding interaction to compensate the coplanar conformation requirement. Furthermore, the melting temperature (Tm) data in Supplementary Table S2 indicate that the overall stabilities of the non-modified and 5-OMe duplexes are virtually identical. The similar stability indicates that the H-bond and stacking of the 5-OMe-U overcome the instability caused by the coplanar conformation of the 5-OMe relative to the uracil base. The structural data is consistent with the results of thermostability and computation studies. On the basis of the computational simulation, the out-of-plane conformation is more stable for all three modifications, including the 5-OMe, 5-SMe and 5-SeMe, which suggests the conjugation is probably less important for the orientation of the 5-OMe relative to the uracil plane. The H-bonding is most likely the major player determining the coplanar conformation of the 5-OMe relative to the uracil base. Consequently, the 5-OMe modification does not affect overall U-pairing stability.
Our studies indicate that the 5-Me group orientation and the H-bond formation are unique features of the 5-O-CH 3 modification in A-form helix. The rigidified local structure and conformation may facilitate the base recognition in tRNA-mRNA interaction and translation. So far, the 5-OMe-U modification has only been found on 34 position of tRNA, which is the first nucleotide in anticodon and pairs with the third nucleobase in codon. It was reported that the mnm5 (5-CH 2 reduces the flexibility of the anticodon and contributes to 'pre-organize' the anticodon into an A-form structure ready to interact with the codon (9) . Similarly, by forming the H-bond, the 5-OMe functionality can make the anticodon pre-organized for interacting with codon. Moreover, it was reported (8) that the reading efficiency of tRNA containing the 5-OMe-U modification (UGA) is higher than that of its non-modified counterpart (i.e. tRNA containing native UGA) when reading UCU and UCG codons (the wobble reading). Our observations of the H-bond formation and the local rigidification shed new light on the roles of the 5-OMe in anticodon/codon interaction and mRNA reading function. Although the context of the sequence is different from tRNA, the formation of the duplexes, including A-form duplex, is sequence-independent, as long as the sequences are complementary to each other. Our observation reveals rather general H-bond formation of the OMe modification in the A-form duplex. Therefore, our crystal structure study suggests that the H-bond may form when the OMe-modified tRNA encounters the condon in mRNA.
CONCLUSION
In summary, via crystal structure determination of an A-form helix and atom-specific substitution, we have studied the uracil 5-O-CH 3 functionality, which is a natural tRNA modification. The A-form DNA duplex was used as a mimic of RNA duplex, and the 2 0 -Se-moiety was used to ensure the A-form conformation and facilitate growth of oligonucleotide crystals with high diffraction quality. The 5-O-Me modified structure is virtually identical to the corresponding native structure. This is the first observation of the interaction between a nucleobase and its 5 0 -phosphate group. This interaction might rigidify the local backbone and conformation. The 5-O-Me modification promotes this interaction by forming the H-bond between the CH 3 and 5 0 -phosphate Rp-oxygen. Our computational result is also consistent with the H-bond formation. The atom-specific replacement of the 5-O with Se or S abolishes the H-bond formed by the methyl group, and these 5-modifications do not significantly alter the duplex stability. Furthermore, the 5-O-Me moiety does not cause local structure perturbation, whereas the 5-Se-Me and 5-S-Me cause the local backbone rotation by disrupting the water networking in the major groove. Our studies reveal the unique features of the 5-O-CH 3 modification of the tRNA uracil, suggesting a general interaction between modified nucleobases and backbones. The H-bond formation and local rigidification by the 5-OMe might help explaining the facilitation of the codon wobble reading. Moreover, this atom-specific replacement demonstrates a useful methodology to study RNA modifications.
